The nearly neutral theory of molecular evolution has been widely accepted as the guiding principle for understanding how selection affects gene sequence evolution. One of its central predictions is that the rate at which proteins evolve should negatively scale with effective population size (N e ). In contrast to the expectation of reduced selective constraint in the mitochondrial genome following from its lower N e , we observe what can be interpreted as the opposite: for a taxonomically diverse set of organisms (birds, mammals, insects, and nematodes), mitochondrially encoded protein-coding genes from the oxidative phosphorylation pathway (mtOXPHOS; n = 12-13) show markedly stronger signatures of purifying selection (illustrated by low d N /d S ) than their nuclear counterparts interacting in the same pathway (nuOXPHOS; n: $75). To understand these unexpected evolutionary dynamics, we consider a number of structural and functional parameters including gene expression, hydrophobicity, transmembrane position, gene ontology, GC content, substitution rate, proportion of amino acids in transmembrane helices, and protein-protein interaction. Across all taxa, unexpectedly large differences in gene expression levels (RNA-seq) between nuclear and mitochondrially encoded genes, and to a lower extent hydrophobicity, explained most of the variation in d N /d S . Similarly, differences in d N /d S between functional OXPHOS protein complexes could largely be explained by gene expression differences. Overall, by including gene expression and other functional parameters, the unexpected mitochondrial evolutionary dynamics can be understood. Our results not only reaffirm the link between gene expression and protein evolution but also open new questions about the functional role of expression level variation between mitochondrial genes.
Introduction
The extent to which selection affects genome sequence evolution has been a key issue in evolutionary biology for several decades. Selection can modulate protein sequence evolution in different ways, such as by constraining nonsynonymous nucleotide changes (purifying selection) or by favoring novel amino acid variants (positive selection). Widely accepted predictions about molecular evolution and the role of selection are made by the nearly neutral theory (Ohta 1992; Nei et al. 2010) . A central prediction of the theory is that purifying selection prevails over positive selection and that the efficiency of selection should scale positively with effective population size (N e ). Genomic regions with fewer chromosomal copies and/or reduced recombination rate (which reduces N e through genetic interference) should therefore be more prone to accumulate deleterious mutations and show high ratios of the rates of nonsynonymous to synonymous nucleotide substitutions (d N /d S ). The observation that haploid, nonrecombining sex chromosomes show clear signs of decay and have high d N /d S (Yi and Charlesworth 2000; Filatov and Charlesworth 2002; Berlin and Ellegren 2005) is in line with this prediction.
Despite 2 billion years of coevolution with the nuclear genome (Gray et al. 2001) , mitochondrial genomes (mtDNA) still differ substantially from nuclear genomes in several respects. In most animals, mtDNA is haploid and has uniparental and clonal inheritance through the female germ line. Together with the lack of recombination, this should significantly reduce the mitochondrial N e below that of a typical autosomal locus (Charlesworth 1994; Comeron et al. 2008) . As a consequence, the efficiency of natural selection in mtDNA should be reduced when compared with autosomal nuclear DNA loci.
However, in contrast to nonrecombining sex chromosomes, deleterious mutations do not seem to accumulate at a fast rate in mtDNA. In fact, at odds with the nearly neutral theory of evolution, protein-coding genes of mtDNA evolve under significantly stronger purifying selection than autosomal genes (Rand and Kann 1996, 1998; Saccone et al. 2000; Weinreich and Rand 2000; Montooth et al. 2009; Popadin et al. 2012) . Several explanations are possible. One is multilevel selection that is promoted by the presence of multiple, hierarchically organized mitochondrial copies per female germ cell (several copies per mitochondrion and several mitochondria per cell). This can promote selection at several levels and may facilitate efficient purifying selection in mitochondrial proteins despite nominally smaller N e (Bergstrom and Pritchard 1998; Rand 2001) . However, this would not explain why only protein-coding genes from the mitochondrial genome are under strong constraint, whereas mitochondrial transfer RNAs (tRNAs) are not (Lynch 1997) . Alternatively, it may be argued that the outstanding functional importance of mitochondrial proteins, which can be traced back to the ancestral oxidative phosphorylation (OXPHOS) pathway at the origin of eukaryotes (Gray et al. 2001) , constrains the rate of evolution. However, this argument should in principle apply to both mitochondrially encoded (mtOXPHOS) and nuclear-encoded OXPHOS (nuOXPHOS) genes. Another explanation relates to transcript abundance. Specifically, Drummond et al. (2005) formulated the hypothesis that translation-induced protein misfolding entails deleterious effects. Assuming a similar probability of misfolding among different transcripts, the hypothesis predicts that deleterious effects should be more pronounced in highly expressed proteins irrespective of their biological function (Drummond and Wilke 2009) . Under the assumption that nonsynonymous mutations at many sites will reduce a protein's folding efficiency, the amino acid sequence of highly expressed proteins should be under stronger purifying selection than the sequence of proteins expressed at lower rates. If mitochondrial genes are generally expressed at higher rates than nuclear genes, this may thus be associated with high selection coefficients and result in signatures of high constraint despite low N e .
In this study, we use data sets of four major animal clades to investigate the potential mechanisms that may explain the mitochondrial evolutionary constraint. We first quantify selective constraint acting on mitochondrial and nuclear genes interacting in the OXPHOS pathway ( fig. 1 ). We then consider differences in GC content, substitution rate, and a set of functional parameters including hydrophobicity, the proportion of transmembrane helices in a protein, gene ontology, and protein-protein interaction data as explanatory variables. We finally assess the importance of gene expression by taking advantage of the recent availability of genome-wide digital gene expression profiles (RNA-seq).
Materials and Methods

Species and Gene Selection
Species were selected to obtain a broad phylogenetic data set for metazoan animals including representatives of birds, mammals, insects, and nematodes. The choice of species was naturally restricted to species where both extensive genome sequence and RNA-seq expression data were available. The fact that most RNA-seq data sets are based on oligo-dT-enriched mRNA imposed another limitation to protein-coding genes (for ribosomal RNA [rRNA] see Taanman 1999; Fernández-Silva et al. 2003) and to species where polyadenylation in the mitochondrial genome has been documented (supplementary table S1, Supplementary Material online). This precludes the inclusion of distantly related groups such as yeast that would otherwise have been of much added value. A variable number of species were used to estimate rates of protein evolution (supplementary table S1, Supplementary Material online), whereas one or two representatives of each group were used for gene expression analyzes (birds: Corvus corone; mammals: Mus musculus and Homo sapiens; insects: Drosophila melanogaster; and nematodes: Caenorhabditis elegans).
Gene Function
OXPHOS genes were identified for all species using the KEGG metabolic pathway database (http://www.genome.jp/kegg/ pathway.html). Hydrophobicity indices (H index) of the OXPHOS genes were computed as the mean amino acid hydrophobic score suggested by Kyte and Doolittle (1982) . The hydrophobicity index can be interpreted as the likelihood of a protein to associate with membranes and hydrophobic residues of other proteins. The proportion of amino acids located within transmembrane helices was estimated using the TMHMM server (Krogh et al. 2001) . The number of protein-protein interaction was extracted from the Reactome database (Haw et al. 2011 ; http://www.reactome.org/down load/index.html). This database was generated only for human genes, so that protein-protein interaction data for other species necessarily had to be obtained by extrapolating the human results by orthology. We chose to extract both the estimated number of direct and indirect-complex interaction corresponding to protein-protein interactions in the same protein complex (direct) or protein-protein interactions between proteins belonging to difference complexes (indirect) (see http://www.reactome.org/download/interactions. README.txt). Data on human gene ontologies were obtained from the PANTHER database (Thomas et al. 2003) . Over-representation of gene ontology terms was tested across all levels of hierarchy using a Fisher's exact test.
Gene Expression
We chose to use heterogeneous data sets, with respect to sequencing technology (Illumina and 454), read length (36-250 bp), sex, and an organism's developmental stage (supplementary table S1, Supplementary Material online), as this allows a broad interpretation of the results. Technical and biological replicates were investigated to further test the robustness of the results for all species (supplementary material 1, Supplementary Material online).
We estimated the level of expression for each transcript as the number of mapped reads per kilobase of coding sequence per million of mappable reads (RPKM) following Mortazavi et al. (2008) ,
where C is the number of mapped reads to the reference gene, N is the total number of mappable reads in the experiment, and L is the length of the reference in base pairs. For all statistical analyses, this measure of expression was standardized by the mean for each species, which centers the expression of all genes around zero and makes relative gene expression directly comparable between species. Data were downloaded from the NCBI Short Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/, see supplementary figs. S6-S10, Supplementary Material online, for coverage across the mitochondrial genome).
Mitochondrially encoded genes were mapped onto the reference genome in the case of human (NC_012920), mouse (NC_006914), worm (NC_001328), and fruit fly (NC_001709). In case of the crow (C. corone), for which no genome is available yet, reads obtained from 11 individuals were mapped onto assembled gene-specific contigs where 1:1 orthology could be established with a sister species (C. frugilegus, NC_002069) (Wolf et al. 2010) . Nuclearly encoded genes were mapped onto the longest possible transcript sequence available in BIOMART (http://www.ensembl.org/biomart/ martview/, version ENSEMBL gene 60). For crow, we mapped the reads onto de novo-assembled crow contigs, which were annotated by using zebra finch (Taeniopygia guttata) orthologs (Warren et al. 2010; Wolf et al. 2010 ; for details see Künstner et al. 2010) . Mapping was performed with the software BOWTIE (version 2.0, Langmead and Salzberg 2012) . All the data sets were mapped as single reads (option -U). The default parameter was used for all species except the option -f and -local (allowing soft clipping) that were used for the 454 (Corvus) data set. For all species, reads that had a mapping quality below 30 were excluded using SAMtools (Li, Handsaker, et al. 2009 ). This was intended to limit the proportion of reads with uncertain mapping location.
Nuclear Mitochondrial DNA (numts) Functionally active nuclear mitochondrial DNA (numts)-mitochondrial genes that have been transferred to the nuclear genome-constitute a potential problem in inferring gene expression of mitochondrially encoded genes (Richly and Leister 2004) . We checked for numts by blasting mitochondrial protein-coding genes onto nuclear genomes (zebra finch in the case of birds) using BLASTN (http://www. ensembl.org/Multi/blastview). We considered numts to be of potential relevance for our analyses only if the sequence identity was >90% and >100 bp. Adhering to these criteria, we found 23 numts in the mouse genome involving all mtDNA protein-coding genes except ND1 and 31 numts in the human genome involving all mtDNA protein-coding genes. In contrast, we failed to detect any significant numts for C. elegans and found just one in D. melanogaster (COX1) and zebra finch (ND1), which corroborates findings from previous work (Pereira and Baker 2004; Richly and Leister 2004) . The fact that we did not find clear difference in expression patterns between mammals and the others species indicates that putatively expressed numts are unlikely to affect expression estimates substantially.
Rate of Protein Evolution
For the mtDNA data sets, estimates of the rate of protein evolution are based on 61 birds, 165 mammals, 6 Drosophila species, and 8 nematodes. Fewer species were available for nuDNA. In birds, we directly used data on protein evolution based on a six-species alignment including zebra finch and chicken (Nam et al. 2010) . For mammals, we extracted alignments for 17-29 species using gene OrthoMaM data base (Ranwez et al. 2007 ). For insects and worms, sequence data were obtained from ENSEMBL Metazoa (release 5, Kersey et al. 2009 ) for three and six species, respectively. Details on species composition and accession number are listed in the supplementary table S1, Supplementary Material online.
All alignments were performed at the amino acids level using the software MAFFT (Katoh et al. 2002) and subsequently cleaned with Gblocks (Talavera and Castresana 2007) . We used PhyML (version 2; Guindon and Gascuel 2003) for phylogenetic tree reconstruction with a general time reversible (GTR) model with gamma (À) distribution of rates for sites (GTR + À). The rate of nonsynonymous to synonymous substitutions (d N /d S ) was then estimated using the Goldman and Yang (1994) Markov chain model of codon evolution implemented in CODEML available in the PAML package (version 4.2, Yang 2007) . A single d N /d S ratio was estimated for all the branches of each phylogeny (model = 0, in the CODEML command file), except for the nuDNA of birds where we took the average of branch-specific d N /d S (model = 2) for chicken and zebra finch already available (Nam et al. 2010) .
Statistical Analysis
A multiple linear regression framework was used to test the relationship between the dependent variable and the parameters of interest. Model selection was based on Akaike's information criterion corrected for small sample sized (AIC c ). Backward and forward selection approaches yielded qualitatively similar results. Data were log transformed to obtain normally distributed residuals. All statistical analyses were performed in R 2.11.1 (R Development Core Team 2004). The R package "lmodel2" was used to estimate 95% confidence intervals for model II regression.
Results
Selective Constraint of OXPHOS Genes
We collected data from four phylogenetically distant animal clades: mammals, birds, insects, and nematodes. For each clade, sequence alignments of several species were made to estimate selective constraint of proteins from the ratio of
was estimated over large evolutionary time scales, and only one d N /d S parameter was fitted per phylogenetic tree. This means that although positive selection can play a role in OXPHOS genes (Grossman et al. 2004; Bazin et al. 2006; Gibson et al. 2010) , transient episodes of adaptive evolution are not expected to be visible in our approach.
Median d N /d S per clade was on average 3.9 times (range: 3.7-4.9) lower in mtOXPHOS genes than in nuOXPHOS genes ( fig. 2A ). Despite considerable heterogeneity in the number of available species for each clade (see Materials and Methods), this pattern was remarkably stable across clades as illustrated by the lack of any statistical interaction between genome (i.e., mtDNA or nuclear DNA) and clade (model A2 in table 1).
Animal mtDNA are well known for their high mutation rate (Ballard and Whitlock 2004; Lynch et al. 2006) and are characterized by a low GC content (min/mean/max GC across clades for mtOXPHOS: 0.147/0.349/0.495; nuOXPHOS: 0.386/0.541/0.700). As both substitution rate (Wyckoff et al. 2005; Wolf, Künstner, et al. 2009 ) and GC content (Williams and Hurst 2002; Bierne and Eyre-Walker 2003) are known to influence d N /d S , we assessed their respective influence on the observed difference between mtOXPHOS and nuOXPHOS genes. Simulations showed that neither can account for the lower d N /d S in mtOXPHOS genes (supplementary material 2, supplementary figs. S1 and S2, Supplementary Material online). On the contrary, estimates of d N /d S are expected to be slightly upward biased in mtOXPHOS genes due to their low GC content, which effectively increases the net difference between mtOXPHOS and nuOXPHOS genes. Additionally, we checked the influence of the signal peptide on nuOXPHOS d N /d S . The signal peptide is a stretch of N-terminal amino acids required for the importation of nuclearly encoded proteins into the mitochondria. It was previously demonstrated that signal peptides generally evolve at higher rates than mature peptides (Williams et al. 2000; Li, Xie, et al. 2009 ). It our case, however, the signal peptide does not strongly influence the d N /d S of nuOXPHOS and certainly does not explain the discrepancy between nuOXPHOX and mtOXPHOS (supplementary material 3, supplementary fig. S3 , Supplementary Material online).
Although the difference between mtOXPHOS and nuOXPHOS genes is constant across all taxa, overall d N /d S for OXPHOS genes differs significantly among taxa ( fig. 2A ; model 1 in table 1). Median d N /d S estimates for mammals (0.107) and birds (0.065) are higher than for insects (0.043) and worms (0.032). This clear difference between vertebrates and invertebrates (post-hoc Tukey: between groups P values are always <0.01 and within groups P values are always >0.181) is consistent with invertebrates having higher long-term effective population sizes than vertebrates (Lynch 2007; Wright and Andolfatto 2008) . Popadin et al. (2012) recently obtained a similar result comparing mtOXPHOS with nuclear protein-coding genes among 21 mammalian species for which effective population size was approximated using generation time. Although effective population size can serve as an explanation for interspecific genome-wide differences, it cannot explain the pronounced intraspecific differences between mtOXPHOS and nuOXPHOS genes. On the contrary, lower N e and reduced recombination in the mitochondrial genome should, if anything, lead to higher d N /d S for mtOXPHOS than for nuOXPHOS genes.
Functional Differences and Selective Constraint
Metabolic Pathway One possible explanation for the low d N /d S in mtOXPHOS genes could be that the genes are involved in a pathway of critical importance where purifying selection is expected to be particularly high. Although the OXPHOS pathway certainly qualifies as a central metabolic pathway providing energy to every cell, a broad functional classification fails as an explanation, as we restricted the mitochondrial-nuclear comparison to the very same OXPHOS pathway. The pronounced difference in selective constraint between mtOXPHOS and nuOXPHOS genes can thus not be simply explained by the unique functional importance of the pathway as such. Still, there may be important functional differences within the respiratory chain that systematically differ between mtOXPHOS and nuOXPHOS genes, which we address later.
Hydrophobicity
Because the OXPHOS complexes are intricately linked to the mitochondrial inner membrane, one aspect to consider is the hydrophobicity of proteins, which can indicate specific functions associated with membranes. To quantify this feature, we computed the H index of the OXPHOS proteins. We found that mtOXPHOS and nuOXPHOS proteins differed in their degree of hydrophobicity ( fig. 2B , model 1A, 1B in table 2). mtOXPHOS proteins have significantly higher H indices than nuOXPHOS proteins (min/mean/max mtOXPHOS: À0.354/ 0.798/1.505; nuOXPHOS: À1.068/À0.365/0.682, P < 0.001). Although species slightly differ in the relative degree of hydrophobicity between genomes (as indicated by the interaction term in model 1B in table 2), a close association between mtOXPHOS proteins and the membrane, as manifested in high hydrophobicity in all species, has been conserved over long evolutionary time scales. Hydrophobicity is thus a candidate to explain intergenome variation in selective constraint. Indeed, a relationship between d N /d S and hydrophobicity can be observed among OXPHOS genes (model B1 in table 1). However, the effect of hydrophobicity on OXPHOS d N /d S variation disappears when controlling for the effect of genome origin, that is, whether a gene belongs to the nuclear or the mitochondrial genome (genome effect: mtOXPHOS vs. nuOXPHOS; model A3 in table 1). Moreover, hydrophobicity does not explain d N /d S variation among a large number of non-OXPHOS nuclear genes (supplementary material 4, Supplementary Material online).
Transmembrane Location
Hydrophobicity is a functional property of a protein, which can be important in protein-protein interaction, but can also indicate a protein's degree of association with a membrane. To isolate the latter property, we computed the expected proportion of amino acids in transmembrane helices per protein. This measure was highly correlated to the degree of hydrophobicity in all species (R 2 min/mean/max = 0.72/ 0.78/0.81) but had less explanatory power than hydrophobicity in predicting levels of d N /d S ( 
Gene Ontology
Further, general gene function as defined by gene ontology of human OXPHOS genes showed no clear relationship with selective constraint. Two of the 89 GO terms defined among OXPHOS genes are over-represented in the mtOXPHOS compared with the nuOXPHOS genes, and none is over-represented in the nuOXPHOS genes (Fisher's exact test at P < 0.05). Because the over-represented terms ("cellular component organization and biogenesis GO:0016043" and "cellular process GO:0009987") are only present in two mtOXPHOS genes (ND4L, COX2), gene ontology does not give an obvious clue to the high constraint in mtOXPHOS genes.
Protein-Protein Interaction
We further considered the number of protein-protein interactions as a functional parameter that may differ between mtOXPHOS and nuOXPHOS and thereby potentially contribute to the high selective constraint in mtOXPHOS. For a data set limited to human, for which reliable data were available (see Materials and Methods), mtOXPHOS appear to have slightly more direct-complex interactions (i.e., number of interactions within a protein complex) than nuOXPHOS genes (N = 58, R 2 = 0.06, P = 0.066), but the genomes did not significantly differ in the predicted number of indirectcomplex interaction (i.e., number of interactions between proteins belonging to different protein complexes) (N = 57, R 2 = 0.03, P = 0.196). The d N /d S was positively correlated with the number of indirect-complex interaction (N = 32, R 2 = 0.15, P = 0.028) but was not linked to the number of direct-complex interaction (N = 30, R 2 = 0.04, P = 0.291). In conclusion, the effect of protein-protein interactions was relatively weak and seems not to be a strong determinant for the difference in d N /d S of mitochondrially and nuclearly encoded OXPHOS genes .
Comparison of Functionally Closely Matched mtOXPHOS and nuOXPHOS
To further evaluate the effect of protein function, we compared single pairs of mtOXPHOS and nuOXPHOS that are functionally matched as close as possible. First, we compared mt-Cytochrome b (CYTB) with nu-Cytochrome c1 (CYC1). These two genes are part of the functional core of the complex III, and both have heme-binding activities (Saraste 1999) . In all the three species in which data for both genes were available, CYTB always had a lower d N /d S than CYC1 (nematods: 0.0093 vs. 0.0118; Drosophila: 0.0102 vs. 0.1053; mammals: 0.0299 vs. 0.0648). Second, we compared nuclear-encoded cytochrome c oxidase genes (COX5A and COX11) to the mitochondrially encoded COX1, COX2, and possible matched proteins, the mtOXPHOS genes thus appear to be under higher selective constraint than the nuOXPHOS genes.
Gene Expression of OXPHOS Genes
We estimated gene expression levels from RNA-seq data of species from all four clades (two mammals, one bird, one insect, and one nematode) as RPKM. Expression level of mtOXPHOS genes was considerably higher than of nuOXPHOS genes in all five species under consideration ( fig. 2C ). The degree of expression difference varied among species (models 2A-D in table 2). It was most pronounced in humans where mtOXPHOS genes were on average expressed 85 times higher than nuOXPHOS genes and least pronounced in Drosophila where expression differed by a factor of 3. The validity of these results is supported by the replicability within experiments (i.e., technical replicates), within species, and between species (supplementary material 1, Supplementary Material online).
Variation in expression level of mtOXPHOS genes was further significantly partitioned among the OXPHOS complexes ( fig. 3B , model 3B in table 2) and was stable across species as indicated by the lack of any statistical interaction (between species and complex) and higher AIC c in model 3C of table 2. For all species, expression in the NADH dehydrogenase (ND, complex I) complex was generally lowest, whereas expression in the cytochrome c oxidase (COX, complex IV) complex was highest.
These pronounced differences across mitochondrial complexes were unexpected, and we asked whether they could be explained by the special way in which mtDNA are transcribed. In the mitochondrial genome, transcription of both the heavy (H) and light (L) strands results in several polygenic transcripts that are further processed into 22 tRNAs, 2 rRNAs, and the 13 (12 in C. elegans) mRNAs of interest here. Gene expression patterns across complexes in mtOXPHOS genes may thus simply reflect a by-product of spatial autocorrelation with respect to the transcription start site. However, no such a relationship was found (Moran's I, P > 0.05). Moreover, the transcription initiation sites differ among the investigated taxa. In vertebrates, all but one (ND6) mRNAs are located on the H strand, such that 12 of 13 mtOXPHOS genes are part of a single polygenic transcript (Taanman 1999; Scarpulla 2008) . In Drosophila, transcription starts at five different sites, two on the H strand and three on the L strand (Torres et al. 2009 ). Finally, Caenorhabditis, similar to all nematodes, lacks ATP8 (Gissi et al. 2008) and has all the protein-coding genes located on the same (H) strand (Okimoto et al. 1992) . Despite these marked differences in the initiation of transcription, expression patterns among complexes are remarkably stable across all taxa ( fig. 3B ). This stability suggests that regulatory processes that are conserved across species are responsible for the differences among complexes.
The pattern of gene expression among complexes was different for nuOXPHOS genes. Not only did it differ from the pattern in mtOXPHOS genes (model 2D in table 2: interaction complex:genome), it was also less consistent across species (supplementary material 1, supplementary fig. S5B , Supplementary Material online). Although this may reflect less conserved regulation in nuclearly encoded genes, it may be partly due to the higher sampling variance (lower number of reads) in nuOXOHOS genes, because mtOXPHOS genes had on average 27-time higher read coverage than nuOXPHOS genes (min Drosophila: 4.4 times, max: human 60 times).
Gene Expression and Selective Constraint
Selective constraint not only differed significantly between genomes ( fig. 2A ) but also among mitochondrial complexes within the same genome ( fig. 3A and supplementary fig. S5A , Supplementary Material online). The conserved difference in expression level between mtOXPHOS and nuOXPHOS genes ( fig. 2C ) and also among mitochondrial complexes ( fig. 3B ) ) adjusted by the degrees of freedom (df) and Akaike's information criterion adjusted for sample size (AIC c ). The best model according to AIC c is in underline for the different cases. Statistical interactions are indicated with a colon (:); asterisks indicate standard type I error probabilities. Explanatory variables are S for species, G for genome of origin (mtOXPHOS vs. nuOXPHOS), and C for respiratory electron transport chain complex (cf., fig. 1 ). a Note that gene expression levels are centered around zero, which removes overall gene expression differences between species in models without species interaction terms.Author queries therefore leads us to consider expression level as a key parameter that may explain the selective constraint acting on mtDNA. Indeed, there was a striking negative correlation between levels of gene expression ( fig. 2C ) and d N /d S ( fig. 2A ). Variation in gene expression level explained half of the variance in d N /d S across all species (fig. 4 , model B2 in table 1, R 2 = 0.49). Importantly, when controlling for the effect of genome, expression level remained an important explanatory variable (model A4 in table 1). When considered separately for each genome, the correlation between gene expression level and d N /d S was stronger for the mitochondrial genome (mean across species mtOXPHOS, Spearman's Rho = À0.49 ± 0.09; mean nuOXPHOS, Spearman's Rho = À0.22 ± 0.09). These differences in correlation strength could reflect differences in data quality rather than being of biological origin (e.g., less species in nuOXPHOS genes for d N /d S estimates and lower RNAseq coverage for nuOXPHOS genes, cf., fig. 4 ).
Earlier we have considered a number of parameters that could potentially explain variation in d N /d S and help to understand the evolutionary constraint acting on mtDNA. Of these, gene expression and hydrophobicity showed a clear correlation with d N /d S . We therefore fitted several models to assess their relative importance. Both parameters together explain nearly all variation in d N /d S (R 2 = 0.57; model B3 in table 1) that is partitioned between mitochondrially and nuclearly encoded OXPHOS genes (R 2 = 0.57; model A1 in table 1). When controlling for the discrete effect of a genome origin (models A3-A6), hydrophobicity explains no additional variation (model A3), whereas all models including gene expression are strongly supported (models A5-A6).
Discussion
Using a taxonomically broad data set, we show that genes interacting in the OXPHOS pathway have markedly lower d N /d S if encoded by the mitochondrial genome rather than by the nuclear genome. The degree of difference in d N /d S between the two genomes is remarkably conserved across mammals, birds, insects, and nematodes. The fact that d N /d S of both mtOXPHOS and nuOXPHOS genes was considerably higher for vertebrates than for invertebrates supports our tenet that d N /d S is here best interpreted as the rate at which slightly deleterious mutations reach fixation. Following this interpretation, the significantly higher constraint observed for mitochondrially encoded genes runs counter to what would be expected in theory from the significantly lower effective population size of the mitochondrial genome (Weinreich and Rand 2000) .
Selection in Mitochondrial Genes and Gene Expression
The level of gene expression has been identified as one of the strongest predictors of evolutionary rates in proteins (Drummond et al. 2005) . Several hypotheses have been postulated to explain the negative correlation. Drummond and Wilke (2008) proposed that translation-induced protein misfolding may result in toxic products with detrimental effects. Under the assumption that nonsynonymous mutations increase the probability of misfolding, the amino acid sequence of highly expressed proteins should thus be under stronger purifying selection than the sequence of proteins expressed at lower rates irrespective of their biological function.
Several empirical studies have supported this idea including 1) preferential codon usage at structurally sensitive sites under the assumption that unpreferred codons have higher mistranslation rates Warnecke and Hurst 2010; Yang et al. 2010) , 2) the increased frequency of amino acids minimizing the misfolding probability in highly expressed protein, therefore considering also error-free misfolding in an overarching protein-misfolding-avoidance hypothesis (Yang et al. 2010) , and 3) the observation that chaperons affect the evolutionary rates of the proteins that they assist in folding (Bogumil and Dagan 2010; Williams and Fares 2010) . Recently, an alternative model has been proposed by Gout et al. (2010) and Cherry (2010) . This model relies on the assumption that the level of gene expression is optimized by a trade-off between the beneficial effects of a protein's function and the energetic costs of a protein's expression. The model further assumes that each and every amino acid contributes to the protein's effect on fitness. Accordingly, the effect of deleterious mutations should be proportional to protein expression level. Therefore, this model predicts a negative correlation between expression and d N /d S because of the higher cost associated with gene expression must be compensated by, on average, a stronger fitness benefit of each amino acids composing such proteins. Finally, Yang et al. (2012) recently demonstrated that mis-interaction between proteins can contribute to the negative correlation between expression level and evolutionary rate in yeast. Because the number of nonspecific protein-protein interactions will increase with expression level, protein surface residues are expected to undergo a stronger purifying selection in highly expressed proteins (Yang et al. 2012) . It is important to note that the three above hypotheses are not mutually exclusive and, as the study of Yang et al. (2012) illustrates, could act in concert to drive the relationship between expression and evolutionary constraint.
Our observation that mtOXPHOS genes are both expressed at higher levels and under higher selective constraint than their nuclear counterparts fits with all hypotheses linking expression with protein constraint. Gene expression was the best predictor of variation in d N /d S and remained significant even after statistically removing the genome effect. Considering that the model I regression performed here does not account for measurement error in our estimate of gene expression, we can confidently assume that the effect of gene expression on d N /d S is underestimated relative to the effect of hydrophobicity and the categorical distinction between the genomes, which are both essentially error free (Freckleton 2010) . Moreover, gene expression, but not hydrophobicity, also explained within-genome variation of d N /d S across OXPHOS complexes. Altogether, this suggests that gene expression and variation in d N /d S are closely related and makes gene expression a prime candidate to explain the strong selective constraint acting on mtDNA.
Besides gene expression, hydrophobicity was the only functional parameter under consideration that also gained some support (models with ÁAIC c 2 in table 1). Interestingly, the protein-misfolding-avoidance hypothesis allows the incorporation of hydrophobicity as a factor to influence amino acid constraint in combination with gene expression. It has been convincingly argued that highly expressed proteins have particularly detrimental effects when they are hydrophobic at the same time (Stefani and Dobson 2003; Drummond and Wilke 2009) . When hydrophobic proteins are misfolded, they expose nonpolar residues that invade other proteins and membrane areas. This can cause dys-functional protein-protein aggregations and disrupt membranes, which are essential to maintain even the most basic cell functions. Such an interaction between gene expression and the hydrophobicity of a protein is partly reflected in our data. The model suggesting that those OXPHOS genes with high levels of hydrophobicity and expression are under the strongest selective constraint had statistical support (models A6 and B4 in table 1, ÁAIC c < 2).
Selection in Mitochondrial Genes and Gene Function
A strong effect of gene expression on d N /d S does not necessarily preclude a role of functional differences between mitochondrially and nuclearly encoded genes. In genome-wide studies, gene function generally explains only a small part of variation in selective constraint of protein coding sequence (Pàl et al. 2006) . Still, proteins belonging to the OXPHOS pathway can be considered to be of outstanding functional importance (Wallace 1999) , which may explain stronger signatures of purifying selection than at other randomly chosen nuclear loci (Weinreich and Rand 2000) . However, given the striking difference in selective constraint of mitochondrially and nuclearly encoded proteins from the same pathway, functional importance of OXPHOS genes alone cannot serve as an explanation for the unexpected selective constraint of mitochondrial protein coding sequence. Wolf, Novichkov, et al. (2009) suggest a universal relationship between a protein's age and evolutionary rate. As mtOXPHOS genes can be found in all metazoans, their age alone may explain their evolutionary rate. However, "old" nuOXPHOS proteins-defined as proteins with identified orthologs between Human and Drosophila or Caenorhabditis-still have a three times higher d N /d S than mtOXPHOS (results not shown). This indicates that the disputable notion of gene age (see Elhaik et al. 2006) does not explain the low d N /d S of nuOXPHOS. Other confounding factors such as differences in mutation rate and GC content could also be excluded.
Despite sharing the same pathway, functional differences between mtOXPHOS and nuOXPHOS genes may lend themselves to different selective regimes. For example, the highly hydrophobic mtOXPHOS proteins are centrally integrated into the mitochondrial membrane, whereas the less hydrophobic nuOXPHOS genes constitute more peripheral parts of the OXPHOS complexes. This difference in hydrophobicity, also reflected by the higher proportion of amino acids within transmembrane helices for mtOXPHOS genes, has lead to the hypothesis that the core mtOXPHOS genes withstood gene movement to the nuclear genome, because they are too hydrophobic to be imported across the mitochondrial double membrane (Race et al. 1999 ). In that, mtOXPHOS genes are clearly not a random subset of mitochondrial genes. This systematic difference between mitochondrially and nuclearly encoded genes is a challenge for firmly establishing in how far functional differences may contribute to the high mtOXPHOS constraint.
One way to assess the relative role of gene expression versus other systematic differences in gene function is to compare the intercept and slopes of the (model II) regression lines between d N /d S and expression for both mtOXPHOS and nuOXPHOS genes (fig. 4) . A significant difference would indicate that gene expression alone cannot explain variation in d N /d S . In our data, the regression lines do not differ significantly for any of the species (overlapping 95% confidence interval of the model II slopes; results not shown). This may support the importance of gene expression but could also reflect a lack of statistical power. Better estimations involving more species (d N /d S ) and a higher RNA-seq coverage (expression) will help to resolve this issue in the future.
Concluding Remarks on mRNA Abundance
Mitochondrial DNA drastically differs from nuclear DNA in terms of copy number (up to 1,000-times difference, Rand 2001) . It may thus be argued that copy number differences simply explain the difference in transcript abundance between mtOXPHOS and nuOXPHOS genes. However, copy number does not explain expression differences between mitochondrial complexes ( fig. 3B ) and the relationship between transcript abundance and selective constraint. Furthermore, differences in transcript abundance between mtOXPHOS and nuOXPHOS are also unexpected from a merely stoichiometric viewpoint. Except for a few nuclearly encoded proteins of the complex V (Saraste 1999), we expect mtOXPHOS and nuOXPHOS in equal numbers regardless of where they are encoded (e.g., Rich 2003) . It is thus surprising that, we find clear differences in gene expression between mtOXPHOS and nuOXPHOS genes (and similarly between OXPHOS complexes). Considering that gene expression is costly, in terms of both energy and cellular resources (e.g., Dekel and Alon 2005) , it is conceivable that these differences in expression level have been promoted and maintained by natural selection. The fact that the differences are strikingly conserved across a broad range of species lends support to this hypothesis. However, it is not trivial to assess, in how far expression level differences reflect deviation from expected stoichiometric relationships on the protein level. Protein abundance need not always be a linear function of transcript abundance (Schrimpf et al. 2009 ) and does not only depend on regulation at the transcription level but is the outcome of a complicated regulated process including transcription, transcript stability, translation efficiency, and protein half-life. Little is known about how the regulation of transcription, mRNA stability, and translation efficiency in mitochondrially encoded genes compares to the analogous process in nuclearly encoded genes (Gagliardi et al. 2004 ), but it is clear that the rRNA machinery differs between nuclear and mitochondrial genome (Taanman 1999) . Gene expression differences may also correspond to differences in protein turnover. MtOXPHOS genes lie at the very core of the redox reactions in the mitochondrion and may request higher turnover rates to ensure redox balance and guard against the accumulation of reactive oxygen species (Race et al. 1999) .
These considerations illustrate the limitation of relying on a measure of mRNA transcript abundance as a proxy for protein abundance, a limitation that is common to all studies of gene expression. Therefore, it is difficult to predict net protein production-relevant to selection against misfolding-from transcription levels alone. Genome-wide data sets on protein abundance are starting to become available but are at present biased against hydrophobic proteins (Schrimpf et al. 2009 ; supplementary material 5, Supplementary Material online). Once these methodological challenges are overcome, protein abundance data will be of prime importance to understand the relationship between gene regulation, protein abundance, and selective constraint.
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